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Abstract
Echo Planar imaging (EPI), the gold standard technique for functional MRI (fMRI), is based on fast
magnetic field gradient switching. These time-varying magnetic fields induce electric (E) fields in
the brain that could influence neuronal activity; but this has not been tested. Here we assessed the
effects of EPI on brain glucose metabolism (marker of brain function) using PET and 18F 2-fluoro-2-
deoxy-D-glucose (18FDG). Fifteen healthy subjects were in a 4 T magnet during the 18FDG uptake
period twice: with (ON) and without (OFF) EPI gradients pulses along the z-axis (Gz: 23 mT/m; 250
microsecond rise-time; 920 Hz). The E-field from these EPI pulses is non-homogeneous, increasing
linearly from the gradient’s isocenter (radial and z directions), which allowed us to assess the
correlation between local strength of the E-field and the regional metabolic differences between ON
and OFF sessions. Metabolic images were normalized to metabolic activity in the plane positioned
at the gradient’s isocenter where E=0 for both ON and OFF conditions. Statistical parametric analyses
used to identify regions that differed between ON versus OFF (p<0.05, corrected) showed that the
relative metabolism was lower in areas at the poles of the brain (inferior occipital and frontal and
superior parietal cortices) for ON than for OFF, which was also documented with individual region
of interest analysis. Moreover the magnitude of the metabolic decrements was significantly correlated
with the estimated strength of E (r=0.68, p<0.0001); the stronger the E-field the larger the decreases.
However, we did not detect differences between ON versus OFF conditions on mood ratings nor on
absolute whole brain metabolism. This data provides preliminary evidence that EPI sequences may
affect neuronal activity and merits further investigation.
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Functional MRI (fMRI), which non-invasively measures dynamic MRI signal changes using
the blood-oxygenation level dependent (BOLD) contrast, has become an indispensable tool to
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investigate human brain function (Fox and Raichle, 2007). Echo Planar imaging (EPI) is the
gold standard technique for fMRI and it is based on the use of fast switching of magnetic field
gradients, which are superimposed to the static magnetic field of the MRI instrument (Stehling
et al., 1991). However, the potential influence of the magnetic fields (static and time-varying)
on brain function is a concern for fMRI studies (Kangarlu et al., 1999). Using PET and 18FDG
to measure brain glucose metabolism (marker of brain function) (Sokoloff et al., 1977), we
had shown that the static magnetic field of a human MRI instrument (4 Tesla) did not affect
brain glucose metabolism (Volkow et al., 2000), which suggests that the static magnetic field
does not modify brain activity significantly. However, whereas static magnetic fields do not
induce electric currents, varying magnetic fields do (Jackson, 1975), and the induction of such
electric current in the brain could influence neuronal activity (Walsh and Rushworth, 1999;
Crasson et al., 1999). Indeed, transcranial magnetic stimulation (TMS), which uses time-
varying magnetic fields to affect neuronal brain activity (Brestmann, 2008) is used in research
as a tool to investigate brain function (Paus, 2005) and in the clinic for therapeutic purposes
(repeated TMS) including its use for the treatment of depression (Gershon et al., 2003).
Moreover, EPI sequences typical of MRI were recently shown to have “antidepressant like”
effects in laboratory animals (forced swimming test) (Rokni-Yasdi et al., 2007; Aksoz et al.,
2008) and to improve mood in depressed patients (Rohan et al., 2004). This would suggest that
EPI may affect neuronal activity even though the induced E-fields are much weaker than those
induced by TMS (1 v 100 V/m respectively) (Speer et al., 2000). Since EPI is being increasingly
utilized to study human brain function (Dolan, 2008; Rosen et al., 1998; Harel et al., 2006), it
is important to assess any effects there from.

Here we used PET and 18FDG to test if there were effects of EPI on brain glucose metabolism.
For this purpose we measured brain glucose metabolism in fifteen healthy subjects twice while
their heads were in a 4 T MRI instrument during the uptake period of 18FDG; once with EPI
readout gradient pulses along the z-axis ON and once with EPI gradient pulses OFF but with
the simulated noise from the gradients; after which they were scanned in the PET scanner
(Figure 1). Because metabolic activity as assessed with 18FDG mostly reflects the uptake period
of 18FDG into the brain (Sokoloff et al., 1977;Reivich et al., 1979), this allowed us to assess
the effects of the EPI readout gradient on resting brain metabolism while they were in the
magnet. Since both low intensity TMS pulses (Todd et al., 2006) and paired TMS pulses with
short-intervals (1–4 ms) are inhibitory (Ziemann et al., 1996), we hypothesized that EPI would
decrease metabolic activity, due to the low intensity of the E-fields and the short-interval
between readout gradient pulses (1ms) used in EPI. We further hypothesized that using a
coronal orientation with readout along z, the decreases would be proportional to the distance
from isocenter (z = 0) due to the anti-symmetric and linear nature of the E-field induced by the
z-gradient (Glover and Bowtell, 2007).

MATERIALS AND METHODS
Subjects

We studied 15 healthy right-handed males (33 ±7 years of age) who responded to an
advertisement. Subjects were initially screened by phone and then evaluated at Brookhaven
National Laboratory by a physician for exclusion criteria, which included current or past
psychiatric disorder (including drug abuse or dependence), neurological disease, significant
medical illness, current treatment with medication (including over the counter drugs) and
pregnancy. Normal physical examination and laboratory tests were required for entry. Pre-scan
urine tests ensured the absence of any psychoactive drugs. Subjects were monetarily
compensated for their participation. Written informed consent was obtained in all subjects in
accordance with the local Institutional Review Board.
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Behavioral measures
Emotional affectivity was assessed using the Positive and Negative Affect Schedule (PANAS)
(Watson et al., 1988). The questionnaire consists of 20 descriptors of either positive or negative
mood states (ranked from 1 to 5). The PANAS was completed by the subjects before getting
into the MRI and at the end of the EPI or the Sham Stimulation conditions (see below).

PET Scan and FDG Uptake Conditions
All subjects underwent two PET 18FDG scans to measure brain metabolism while inside the
MRI scanner; one day with EPI gradients ON and another day with EPI gradients OFF (Sham
condition). The order of the ON and Sham conditions was randomly assigned and subjects did
not know the order of the sessions. The subjects’ head was positioned within the head RF-coil
with ear protection (earplugs and headphones) to minimize auditory stimulation. A sagittal T1
weighted image was used to locate the upper portion of the corpus callosum, which was placed
at the isocenter (z= 0; where E = 0) of the SONATA/Siemens gradient set of the 4-Tesla Varian
MRI scanner. Subjects had two venous catheters placed; one for radiotracer injection and one
for venous blood sampling. The subjects were injected with 18FDG (4–6 mCi) 20-minutes after
their entrance in the magnet. They were asked to refrain from moving or speaking during the
25-minute 18FDG uptake period and were requested to keep their eyes open to monitor that
they did not fall asleep. Five minutes after 18FDG injection the subjects were removed from
the scanner for one minute to take a blood sample and placed back in position in the MRI
scanner (corpus callosum at isocenter); they remained in the MRI table with their heads in the
RF coil and were told to refrain from moving. We computed glucose metabolic rates using a
simplified method that relies on two-point blood sampling (5 and 35 minutes post FDG
injection) as previously described (Logan et al., 2008). Briefly, for the estimation of the
metabolic rate we used the following rate constants: K1=0.1 ml/min/g and k2+k3=0.2 min−1

and for the Lumped Constant (LC) = 0.50 (Books et al., 1987). The two-point blood sampling
method was validated by comparing the metabolic rates with those obtained from 100 FDG
images for which metabolic rates were also quantified using the complete set of arterialized
blood samples and showed that the average correlation between these two methods was 0.93
±0.08 (Logan et al., 2008).

During the ON session, a standard blipped gradient echo EPI pulse sequence (TE/TR = 20/1600
ms, 4-mm slice thickness, 35 coronal slices) without RF pulses was used to stimulate the
subject’s brain continuously during the 15 minutes prior to and during the 25 minutes
after 18FDG injection (uptake period). The EPI readout gradient waveform was delivered by
the longitudinal Gz-coil and formed by a train of 64 alternating trapezoids of amplitude = 23
mT/m, rise time = 0.25 ms, and duration = 0.543 ms (Figure 2). Note the root mean square
amplitude of the E-field induced by the EPI readout gradient is 100 times or higher than that
induced by the phase encoding and slice select gradients. While the transverse gradient coils,
Gx and Gy, induce highly uniform E along the y- and x-axes, respectively (Rohan et al.,
2004), the longitudinal gradient coil Gz induces an azimuthal E = Eϕ̂ which is anti-symmetrical
with respect to the z = 0 plane and its amplitude can be approximated as (Glover and Bowtell,
2007):

where r is the radial distance to magnet axis and t is the time. Therefore, the amplitude of the
electric field induced by Gz is null at the z = 0 plane and at the r = 0 axis and increases linearly
with r and z, and it is further modulated by the temporal derivative of Gz, an alternating square

Volkow et al. Page 3

Neuroimage. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



waveform with amplitude proportional to the slew-rate of the trapezoidal gradient (Rohan et
al., 2004).

During the Sham session (EPI OFF), the EPI gradient pulses were replaced by the sound of
the EPI sequence (64 dBA = EPI sound pressure level at the subjects’ ears after the 28 dBA of
sound attenuation provided by the headphones), which was recorded in waveform audio format
in a PC and delivered to the subjects’ ears through the headphones.

At the end of the sessions, the subjects were removed from the MRI scanner and were positioned
in the PET scanner as previously described (Wang et al., 1993). Subjects were scanned with a
whole-body, high-resolution tomograph (Siemens/CTI ECAT HR+, with 4.6 × 4.6 × 4.2
mm3 NEMA (National Electrical Manufacturers Association). Briefly, emission scans started
35 minutes after 18FDG injection (10 minutes after being taken out of the MRI scanner) and
lasted twenty minutes. Transmission scans were performed simultaneously. Because the
subjects were inside the magnet during the 18FDG uptake period we were unable to quantify
arterialized plasma concentration to compute the absolute metabolic images and thus images
were quantified by normalizing them to the axial plane at the isocenter of the EPI gradients,
which is where E = 0. Figure 1 provides a diagram of the experimental procedure.

Estimation of the Electric Fields in Brain
The distribution of current carrying wires in the Gz-gradient coil was estimated from the
physical dimensions (primary radius: 0.7m; shielding radius: 0.84m; and coil length: 0.8m)
and electrical parameters (gradient efficiency: 0.08 mT/m/A; maximum gradient strength:
40mT/m; coil inductance: 1.1mH) of typical EPI gradient coils using the stream function
optimization method (Tomasi, 2001). The theory of classical electromagnetism [reviewed in
(Jackson, 1975)] was used to compute E for each point in space as the temporal derivative of
the vector potential produced by the current distribution in the coil (Cronik and Rutt, 2001;
Tomasi et al., 2002).

Image Analysis
The statistical parametric mapping package SPM2 (Welcome Department of Cognitive
Neurology, London UK) (Friston, 1995) was used to compare the differences between the two
conditions. For this purpose images were spatially normalized using the SPM2 PET template
using a 2 × 2 × 2 mm3 voxel size, and subsequently smoothed with an 8-mm isotropic Gaussian
kernel. The metabolic activity in each imaging voxel was then normalized to the average
metabolic activity in the E = 0 plane (middle axial plane that includes the upper part of the
corpus callosum and was at the isocenter of the EPI gradients during stimulation). This allowed
us to normalize brain metabolism using an area of the brain where the E-field did not differ
between EPI and Sham stimulation conditions. Voxel-wise paired samples t-tests were
performed to contrast the EPI versus the Sham conditions. The continuous random field
calculation implemented in SPM2 was used to correct the statistical significance of normalized
metabolic changes (Δ18FDG), for multiple comparisons at the cluster level. Clusters with at
least 20 voxels (voxel size 2×2×2 mm3) and p < 0.05 (corrected for multiple comparisons)
were considered significant. These clusters were further evaluated with region-of-interest
(ROI) analyses to obtain average signal values in a volume comparable to the image smoothness
(e.g. resolution elements, or “resels” (Worsley et al., 1992)) rather than single-voxel peak
values. The volume of the imaging resels obtained from the SPM analysis was near cubic with
a Cartesian full-width-half-maximum (FWHM) = 13.9 mm, 15.6 mm, 18.3 mm. Thus, 6×6×6
mm3 isotropic masks (0.22 ml) were defined at the centers of relevant clusters listed in Table
1 to extract the average glucose metabolism from individual contrast maps. The average and
standard deviation of metabolic values within these regions were computed using a custom
program written in IDL (ITT Visual Information Solutions, Boulder, CO). The coordinates of
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the functional ROI masks were kept fixed across subjects, and paired t test were used to assess
statistical significance.

Regression analyses were used to test the hypothesis of a linear relationship between FDG
decreases (ΔFDG) and E. The paired (ΔFDGi, Ei) values from all subjects and voxels in the
brain were sorted by E and clustered in groups of 100 subsequent voxels. The data within these
clusters was averaged and a linear model, ΔFDG = a E + b, was fitted to the averaged clusters
to assess the linear relationship between ΔFDG and E.

RESULTS
Estimation of the E-field in the brain revealed that the strength of E was maximal at the poles
(top and bottom) and in the posterior parts of the brain; the latter reflecting the fact that the
center of the head (center of the Talairach stereotactic space where xyz = 0,0,0 mm) was 2.0
± 0.5 cm below the gradient isocenter and thus posterior regions were closer to the wires and
thus experienced higher E-fields than anterior regions (Figure 3).

There were no differences on whole brain glucose metabolism between the ON (27 ±4 µmol/
100g/min) and OFF (28 ±5 µmol/100g/min) conditions. The SPM analyses on the normalized
metabolic images (to plane E =0) revealed significant (p < 0.05, corrected for multiple
comparisons) decreases in 7 cluster areas that included inferior occipital, inferior frontal,
superior parietal and posterior insular cortices and in a white matter region contiguous to the
temporal cortex (Figure 4, Table 1). None of the brain regions showing increases with EPI ON
when compared with Sham achieved significance. Separate region of interest (ROI) analysis
that quantified relative metabolic changes in the anatomical regions identified by SPM
documented significant decreases in inferior occipital (BA 18), inferior frontal (BA 8, BA 11)
and superior parietal cortices (BA 40) but the differences in posterior insula and white matter
were not significant (Table 1).

The correlation between the relative metabolic changes (expressed as percent change from the
Sham condition) and the strength of E was significant (r = 0.68, p < 0.0001) (Figure 5); the
stronger the local E-field the higher the decreases in metabolism with EPI ON.

The scores on mood (positive scale from the PANAS) did not change on the measures done
before (40 ±7) and those done after (40 ±8) the EPI OFF condition nor did they differ for the
measures done before (39 ±8) and after (40 ±9) the EPI ON condition.

DISCUSSION
Here we show that while the electrical fields induced during EP MRI did not change the
absolute whole brain metabolic rate it induced small but significant changes in normalized
metabolic measures. Specifically we showed significant reductions in relative metabolic
measures in superior, inferior and posterior cortical regions with the EPI Gradients ON when
compared with EPI gradients OFF, which provides preliminary evidence that EPI as used in
fMRI studies may affect neuronal activity in the human brain. The regional localization of
these metabolic changes would indicate that the effects of EPI on brain activity are non-
homogeneous and dependent on the local E-field. The correlations observed between the
magnitude of the metabolic changes and E suggests that the metabolic decreases may be
causally associated with the changes in E produced by the magnetic fields gradients. These
results are consistent with prior studies showing that fluctuating magnetic fields can influence
brain activity (Walsh and Rushworth, 1999; Crasson et al., 1999) and contrasts with findings
failing to show an effect of static magnetic fields on brain glucose metabolism (4 T MR)
(Volkow et al., 2000) or on cognitive function (7 T MR) (Kangarlu et al., 1999).
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The association between the spatial distributions of the E-field and the metabolic decreases
suggests that the larger effects of EPI in the inferior occipital and frontal cortices and in superior
parietal cortex are likely to reflect the higher induced E-field in these areas. However, there is
evidence that the effects of rapidly changing magnetic fields used with TMS on neuronal
activity are orientation dependent (Fox et al., 2004) and thus it is likely that the regional
metabolic changes with EPI may also be influenced by the geometrical distribution of the
neuronal tracts in the various cortical brain regions.

The decreases in brain glucose metabolism induced by the high frequency (1ms for the EPI
readout gradient; 920 Hz) Gz-gradient readout are consistent with findings from repetitive TMS
studies. TMS pulses induce electric currents in the brain that result in neuronal activation or
inhibition as a function of the frequencies and the intensity of the stimulus (Todd et al.,
2006; Ziemann et al., 1996; Paus and Barrett, 2004). Specifically, paired TMS pulses at short-
intervals (intervals less than 5ms; > 200Hz) cause neuronal inhibition and those of long-
intervals (intervals 8–30 ms, 10–30 Hz) cause neuronal activation (Ziemann et al., 1996; Paus
and Barrett, 2004; Hallett, 2000). The decreases in the normalized metabolic measures during
the EPI readout gradients could reflect the inhibitory effects of electromagnetic fields on
inorganic ion transport, second messengers, neurotransmitter activity and/or neuronal
metabolism and the molecular mechanism(s) merit further investigation (Sinkiewicz et al.,
2005; Hogan and Wieraszko, 2004; Miyakoshi, 2005). However since these regional effects
reflect normalized measures we cannot ascertain whether they reflect true decreases in
metabolism rather than decrements with respect to the activity in the plane where E = 0.
Moreover we can not necessarily assume that decreases in metabolism reflect inhibition of
neuronal activity since inhibitory neurotransmission also requires energy utilization
(Ackerman et al., 1984).

Regional changes in brain activity by EPI could be a mechanism implicated in the report of
enhanced mood in depressed patients that underwent EPI-based MR spectroscopic imaging
(Rohan et al., 2004). In our study of normal subjects we did not observe significant changes
in mood as assessed with the positive scale from the Positive and Negative Affect Scales
(PANAS) (Watson et al., 1988) between the Sham and the EPI ON conditions. This could
reflect the fact that our subjects were euthymic and/or alternatively that the spatial distribution
of the induced E-field differed between our study and that from the MR spectroscopic study
(Rohan et al., 2004) since this would result in a different pattern of regional effects.
Nonetheless, since therapeutic interventions that use electrical or magnetic brain stimulation
such as electroconvulsive therapy (ECT) (Schmidt et al., 2008), TMS (Gershon et al., 2003)
and cranial electrotherapy (DeFelice 1997; Bystrisky et al., 2008) are either being used
therapeutically or proposed as therapeutic agents for the treatment of depression this highlights
the importance of characterizing the effects of electrical and magnetic currents on brain activity.
Imaging studies aimed at understanding the mechanism(s) of action of these interventions tend
to report decreases in frontal (including cingulated) activity (review Schmidt et al., 2008),
though others have reported increases (McCormick et al., 2009). The mechanisms responsible
for these effects are unclear and some hypothesize that these interventions enhance mood by
releasing monoamines and reducing cortical excitability (Geday and Gjedde 2009).

A limitation for this study was that we were unable to draw the arterialized blood samples
required for quantification of absolute metabolism and instead relied on a simplified method
for estimating metabolic rate (Logan et al., 2008). Using this method, which has been shown
to provide adequate estimates of metabolic rate for baseline studies we do not observe changes
in the absolute metabolic rate, which contrasts with the small but significant regional
differences that we report for the normalized metabolic measures (ratio of the region’s
metabolism to average metabolism in the axial plane where E = 0). This discrepancy is likely
to reflect the fact that the normalized metabolic measures are more sensitive to regional effects
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than the absolute measures. This is because most of the energy utilization of the brain is required
to sustain the state of consciousness in contrast to the much smaller changes associated with
task-induced regional brain activation or deactivation (Gjedde, 2009; Shulman et al., 2009).
Thus, normalizing regional metabolism to that of whole brain amplifies the signal that is task
related. Also the normalization procedure removes the variability due to the large differences
in whole brain metabolic measures between subjects, which are greater than the intrasubject
variability in the regional measures, thus enhancing the statistical power to detect regional
differences (Wang et al., 1994).

Another limitation is that we did not measure the E-field at the isocenter of the gradient coil
but estimated the E-field in the whole imaging volume (including the isocenter). However,
Glover and Bowtell (2007) used an E-field probe to measure induced E-fields during MRI and
found that the E-field induced by the Gz coil is null at z = 0 and it is extremely linear with z in
the imaging volume. Thus, strong theoretical and experimental evidence support the absence
of E-field at z = 0.

Here we report that E-field changes were linearly associated to metabolic changes, which we
interpreted as indicating that the metabolic decrements were due to the E-fields. However,
correlations are not sufficient to probe causality and more work is required to establish a
mechanistic association.

Finally in this study even though the subjects were not told the order for the ON versus the
Sham conditions we did not assess if they were able to distinguish them, which would have
enabled us to ensure lack of expectation differences between conditions.

This study provides preliminary evidence that in humans EPI gradients as used in fMRI studies
may affect neuronal activity (decreasing normalized metabolic activity) and that these effects
are non homogeneous and dependent on the local E-field. Further studies varying the direction
of the EPI gradients (left vs right and anterior vs posterior) would enable to determine if the
shift in regional metabolism follows that predicted by the E fields generated in the brain with
these gradients.
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Figure 1.
Diagram of the experimental procedures. Subjects were tested with 18FDG and PET twice (EPI
stimulation and Sham). For each of these studies the subjects remained in a 4 T MRI instrument
starting 15 min. prior and during the uptake period of 18FDG (25 min. after injection) for a
total of 40 min. with their heads positioned such that the center of the EPI gradients was parallel
to the axial plane that transected the upper part of the corpus callosum. For the “EPI stimulation”
condition they were tested with EPI gradients ON and for the “Sham” condition they were
tested with the EPI gradient OFF but with exposure to the recorded auditory noise from when
EPI gradients were ON. At the end of the 18FDG uptake period subjects were taken out of the
MRI and positioned in the PET scanner and imaging was started 35 minutes after 18FDG
injection (10 min. after they were taken out of the MRI). Blood samples were collected 5 and
30 min. after 18FDG injection to quantify radiotracer in plasma and the behavioral assessments
for mood states were made using the PANAS prior to and after completion of the EPI or the
Sham stimulations.

Volkow et al. Page 10

Neuroimage. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Time-varying magnetic (B) and electric (E) fields produced by the Gz-EPI readout gradient.
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Figure 3.
Estimated strength of E-field in the brain generated by the EPI gradients. a. Diagram of the
E-field induced by the EPI gradients pulses along the z-axis (Gz: 23 mT/m; 250 microsecond
rise-time; 920 Hz), which are non-homogeneous and increase linearly from the gradient’s
isocenter both in the radial (r) and the z directions. b. Sagital plane showing the distribution
of the E-field and location of the axial planes (top, bottom and E = 0) shown in panel “c”. c.
Axial planes showing the distribution of the E-field including the axial plane where E = 0. The
E-field was strongest in the posterior and polar brain regions (top and bottom).
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Figure 4.
Statistical maps showing the SPM results for the comparisons of FDG images (Sham – EPI
ON) for p < 0.05, corrected for multiple comparisons. Brain images were normalized to the
axial plane where E = 0.
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Figure 5.
Brain metabolic changes as a function of the local E-field. Diagram showing the relationship
between the changes in metabolism (% change) and the strength of the local E-field (V/m) for
voxels where SPM showed significant differences between conditions (p < 0.05, corrected).
Regression coefficient corresponded to r = 0.71, p < 0.0001; the stronger the E-field the larger
the decrements in metabolism.
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